Formation of Graphene atop a Sadlayer onthe C-faceof SiC
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Abstract

The structure of theSiC(0001) surface the C-face of the {0001} SiC surfacess studied as a
function oftemperature and of pressureargaseous environment of disilane2k8). Various
surface reconstructions are observed, both with and without the presence of an overlying graphene
layer (which spontaeously forms at sufficiently high temperatures). Basearosssectional
scanning transmission electron microscamasurements, the interface structure that forms in the
presence of the graphene is found to coritain 1.7 monolayers (ML) of Si, a somewhaiunter
intuitive result since, when the graphene forms, the system is actually usrddr €bnditions.
Using ab initio thermodynamicsit is demonstrated that there exists a class -oicBisurfaces
containingabout 13 ML of Sithatare stale on the surface (even undefriCh conditions) at
temperatureabove~400 K. The structures that thus form consisSofidatoms atop a Si adlayer
on the Gfaceof SiC, with or without the presence of overlying graphene.

[. Introduction

Formation of graphene on SiC, by heating the SiC and producing preferential sublimation of Si
compared to C, has been studied extensivelynfme than a decadérhe (0001) surface, known

as theSifaceof the two types of {0001} surfaces, has been employed in most of those studies
graphene with good structural and electronic properties can be produced on that$titase.
known that between the graphene and the SiC there is an intermediatexlagealled buffer

layer, consisting of a graphetike structure but with somaonding to the underlying Si@rming

a (gVo® @Mo)-R30 unit cell®> As additional Si is sublimated from tH®iC, this buffer layer
eventually converts to pristine graphene anmtew buffer layer forms belowSt:2° Additionally,

the buffer layer can be decoupled from the SiC by introduction of hydrogen or oXygets.

For graphene formation on tha ¢tgx surface of SiC, known as tli&face the situation is
found to be more complex than for tBeface thereappears to benore than one way to form

" Present address: Carl Zeiss AG Digital Innovation Partners, KistlerhofstraRe 70, 81379
Munich, Germany
Afeenstra@andrew.cmu.edu



( ) 1(0001) SIO Ce . FIG 1. Possible terminations of tt
a _—Si adatoms  sicgr mpy surface: (a) full SiC bilaye!
O hi together with <1 monolayer of £

) SIC bilayer adatoms atop the bilayer, and (b) fi

bilayer plus a monolayer (adlayer) of .

) plus additional Si adatom on top of tt

(b) Si adatoms  adlayer. Structures of the type shown

O O OL __Sj (b) ar e referrend
S.I Gd.layer adl ayero (AOA) st
) SiC bilayer

graphene on the surfa¢since various reconstructions are found at the interf&tnnd the
structural quality of the graphene on t@daceis generallyworse than for th&i-face?151617
However considerablamprovement in the quality afraphene on thC-faceis achieved by
performingthe growth in a confined space, eithetilizing ficonfinementcontrolledsublimation
(CCS) i asmall, nearly closed carbon ampotité>2921 or simply by stacking two SiC wafer
together(related methodologies haatsobeen used for improveentsin graphenejuality on the
Si-facg?1%17 although without any fundamental change in interface structure in thatloabese
confined geometries, presumably the Si partial pressure above the SiC surface is much higher in
these duations than in vacuum, i.e. a situation closer to thermodynamic equilibrium is
achieved® Similar improvement in graphene quality is also found when the formation is
performed under an applied pressure of disilan¢i¢bgas ofPq © 10° Torr.1422:2324 Exceptional
results for the electronic properties of -facegraphene have been obtairfedsamples formed

in the confined geometA??°

The goal of the present work is to understang wtaphene formation o8-face SiCunder
these neaequilibrium conditiongin disilane)appears to be so much different compared to when
it is formed in highvacuum conditionsMuch of our workdeals with reconstructions @fface
surfacein the absencef graphendut nevertheless still under carbon rich conditjores heated
to temperatures just below the point at which graphene fdtiggre 1 provides an introduction
to twotypes of structurethat we will considerone with less than a monolayer (ML = 1 atpen
SiC{0001} 13 1 surface unit cell 2.1 atoms/ni) of Siadatoms, and the other with more than a
ML. For wurtzite {0001} or zineblende {111}directions planes ofitoms in théulk crystal form
bilayers as shown in Fig..JA natural way to form a surface is to preserve the bilayer at the surface
as inFig. 1(a), such thathe numbenof broken bondss minimized Although that type of surface
termination does indeed occur in most cases, a few semiconductor surfaces recamstsutct
split a surfacebilayer; 2627282930 35 inFig. 1(b) we refer to thesstructures as adateon-adlayer
(AOA) structuresFor the case of SI@ m@x under CGrich conditions mostpreviously discussed
surface structures are of the type shown in Fig. 3§23 althoughonenotableAOA structure
of the type shown in Fig. 1(las beemproposed* In the present work, we find thitis actually
AOA structuresthatarethe energetically preferrednes,with or without overlying graphenso
long as thesurfacesareformedat temperatures above ~400(Khich is true in all experimental
cases)



Following a description of our methods in Section h, $ectionlll we demonstrate
experimentallythata layer of Si atomsconsisting of~1.3 monolayes (ML), exists between the
graphene and th&erminatingSiC bilayer of theC-face SiCwhen the graphene is formed in
disilane This result is in contrast to the situation when graphene is formextiuum, when only
~055 ML of Si occurs between the graphene and the SiC bil@geevidenced by the dominant
32 3 interface reconstructiony® In Section V, utilizing ab initio theory, we find that there are
two energetically stable situations for Si terminating thia¢@ surface, one with055 ML of
excess Si and the other with ~1.3 ML of excess Si. The fornstahte for temperatures below
about400 K and the latter is dtée for temperatures above that, with this different behavior arising
from the effects oWibrational free energyin Section V, we argue that the presence of the ~1.3
ML of excess Si accounts for at least some of thedaergy electron diffraction (LEEDgsults
obtained from reconstructions of the surfaces/interfaces that we prepare in disilane (although
additional work is needed to fully understand all of the observed reconstructi@fsytNérargue
that pior results for graphene formation in vacytatthough performed at temperatures >1000 K,
weresignificantly Si deficienti.e. under saturatgao thathe resulting interface structures tedn
out to correspond tlmw-temperature and/or nonequilibrium ones.

The Si layer thatwe find toexistbetween the graphene and the &dnportant,not only in
terms of its influence otinesurface/interface structure, but also regarding the graphene formation.
We argue that this layserves a useful purpose, since subsequent oxidatioalaf/tr (e.gwhen
samples are removed from thenace owvacuum system in which they are formed) conveniently
produces decoupling of the graphene from the!&i€.

Il. Experimental and Theoretical Methods

We form our graphene on thef@ce of nominally oraxis 6HSIC or 4HSIC wafers (with no
apparent differences between results for the two typegtdrs) in a custorbuilt preparation
chamber with an adjoining ulttaigh vacuum chamber for lo@nergy electron diffraction (LEED)
observatiort**® To remove polishing damage, the samples are first heated in either 1 atm of
hydrogen at ~1600 °C for 3 min or 5x1Torr of disilane at 850 °C for 5 min, after which the
surface display a®ll LEED pattern. Samples are then heated to a given tempdyatween 1150

and 1350 °C, and disilane is introduced to a pressure betw@&amda0* Torr (with most studies
performed at 5x10 Torr), with these conditions maintained for 5 min. Upon completion of the
heating, the sample heater is turned off, rangira few seconds to turn the potentiometer
controlling the current completely to zero. Immediately after that the leak valve controlling the
disilane pressure is turned off, requirtiy s.

We employab initio density functional theory (DFT) for thermodynandomputations®
utilizing boththe Vienna Ab initio Simulation Package (VASF¥ and the FHiaims altelectron
code®4? (results from the two methods, when identical structures are considered, agree within a
few meV). All computations employ the Perd@®urke-Enzerhof (PBEY} generalized gradient
approximation (GGA) for a density functional, supplemented with van der Waals (vdW)
interactions’? and with dipole corrections included according to the method of ébsuger and
Scheffler*® We set the planave energy cutoff to 500 eV, and cho@eentered kpoint grids
with in-plane spacing of 1/40Ror finer.Slabs consisting of six 3SiC bilayers with cubic lattice
constant of 4.364 A, (114riented and a grajpene lattice constant of 2.463 A are utilized (the
difference in stacking order between cubic (111) planes and hexagonal (0001) planes is not
expected to significantly affect energetic ordering of the various surface striétaressince



experimentally we do not know on which plane of the 4H or 6H crystals our surfaces occur, it is
convenient simply to employ the 3C crystal structure in the theory). The bottom Si iattime

slab are hydrogen terminated, and all the atoms in each structure considéudigl eekaxed via
conjugate gradients while holding the perpendicular afpdane lattice constants fixed

First-principles thermodynamics are employ&twith the temperaturdependent surfadeee
energy of a given structure relative to that of a bare slab computed according to

Y - QoookhaoaA@ooda
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whereQ, 4 dsithe total energy of the bare SiC sli@ha g the total energy of the surface structure
after relaxation,Y0; ¢Y0 , and Y0 denote the number of additional Si, C and H atoms,
respectively, on the surface relative to the bare slab; agd,* “Y,and* “Y are chemical
potentials of Si, C and H atoms. Tleems'Q 4 o ¥ and"@ ¢ o &zare the vibrational free eneeg
of the bare slab and of the surface structure, respectimalyermal equilibrium we have

B3EY T#Y QesQenY 2)
whereG; ¢ig the internal energy per formula unit of bulk SiC, and V@th .Y being its vibrational
free energy. Limits on, and’ 3 @re determined by the bulk phaseg,”Y Q. QY and
‘3eY G g 'QgYhwhereQ:, and'G; are the internal energies per atofrSi and C atoms in

bulk silicon and carbon, and wit® “Y and™O “Y being their respective vibrational free energies.
Using Eq. (2) to eliminate; gwe find the limits on

QesO QG Qeyy OTY LY Q0 QY 3
where we employ): as a reference for; Y. We usediamondcubic silicon as the silicon bulk
phase, graphite as the carbon bulk, and 3C SiC as the silicon carbideyibldkng G; ¢ 4

O o ™ mAG6For: "Y,welist its values relative tQ ‘Q’*c&ﬂ’c, where‘q‘sc& s the
DFT-computed energgf the H molecule.

(1)

The vibrational free energyerms™O “Y, 'O Y, and Qg »Y are all computedab initio.
Specifically, we calculatmteratomic force constants using density functional perturbation theory
in a supercell, evaluatee dynamicainatrix at a dense set of wavevectors throughout the Brillouin
zone, and diagonalize to obtain vibrational frequencies. Vibrational free energies are then
evaluated from

OY QY Q0] 1 i OEEKQY (4)
whereO7 is the density obibrational modes-or'@ ¢ sl Q@ 4 othese are computed using so
called Einstein modesptained from thab initio computations by displacing a single atom while

holding all other atoms fixe@®1 in these casds givensimply of a deltefunction;] 7 , atthe
mode frequency.

The strategy that we employed in @fructuralsearch is as follows: We focused initially on
the 22 AOA model suggested by Hibino et*aHowever, when we tested that model usatyy
initio theory, its energy was found to be significantly higher than that of several othez?(@jon
structures of the Si@( rta), hence casting dotibn this identification. We therefore conducted a
search over all previously suggested @iQtax models, plus variations thereof, seekid@ dr
43 4 models with energy lower than that of any other model (with any size unit cell), irritlke C



limit. One 434 AOA structure was identified at this stage that had energy lower than nearly all
other models, but nevertheless this energy was still higher than tihat r@fcently proposest 3
structureof Kloppenburg et at®Hence, we turned to conside possible role of H on the surface.
However, despite a search through many models wigh £ 4, and other unit cell sizes, we were
never able to obtaianergies lower than that of a simpletétminated SiC bilayer or of thé 3
structure of Kloppenburg et al. together with additional H termination. We therefore returned to
structures without H, focusing on AOA models. A close examination of the resKltsppienburg

et al. for 2 2 cells led us to the realization that?®2220A model of the type proposed by Hoshino

et al** actually possesses additial distortions (implicit in the results of Kloppenburg efathat
significantly lowers its energy. We then examined many additional AOA mddé#i/ considering

all possible distortions of each and also including their vibrational free energies. More than 100
structural models were tested in total; results for the models with lowest energies are provided
Section IV, with addtional results provided in the Supplemental Material.
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[11. Experimental results

As described in prior workwhen graphens formedon Gface SiCunder a disilane pressure of

about5x10° Torr, a characteristi/t 81t ¢-R 7.6 surfacereconstructiomccurstogether with
diffraction streaks associated with graph&tfé Graphene formed in this manner is found to have
considerably larger grain sitean for graphene formedontheCace i n vacuum (2
grains)!4?324We have studiedne suctsampleby crosssectional scanning transmission electron
microscopy (STEM)with results shown ifrig. 2 This sample was found to be covered with 2

4 layers ofgraphenedepending on surface regiohn amorphous layer with thickness of about

1.0 nmwas found to be presebétween the top layer of SiC and the bottom layer of graplasne
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seen inFigs.1(a)1 1(c). Averaging over multiple surface regions, the thess of this layer was
found to be 0.90.1 nm. Energy dispersive-bay spectroscopy (EDS) measuremehRigure2(d),
indicatethatthe interfacial layer is silicon oxide, since increases in the Si and the O spectra are
observed as the scan entersititerfacial layeywhile the C signal decreases. Similar results are
obtained by the electron energy loss spectroscopy (EELS) measurdfigeri®), with the EELS

line scan explicitly showing the 3 graphene lay®esent at this surface region

The oxygen present in th@bservedSiOx interface layeipresumablyarises from the several
month time that the sample sat in air between production and the STEM(Bashd on extensive
experience with oupreparation systeme are confident that no sigiiént oxygen is present at
the surface or interfacturing graphene formatiotf:15222445 Oxidationproduces &-face surface
with characteristi€/io® Vo)-R30 LEED pattern*® we observe that if we intentionally expose our
surface to oxygen, but weeversee if otherwisgeven after extended heating of the surfptds
terms of Si content, using a mass density ok®iQ.8 g/cni (with x° 1.5¥" along with the 0.90.1
nm thickness, the Si conteat the interfacas found tocorrespond to 1.59.17 ML. We
emphasize that no heating of the samples was performed between the graphene preparation and
the STEM observation, so thiie observe®i at the interface must hat@med, or been present,
during the graphergrowth We thus surmise that 1141.7 ML o Si existsat theinterface between
grapheneand GfaceSiC, whenthe graphenés formedin ~5x10° Torr of disilane.

Returning to the characterisijidt &/t ¢-R 7.6 surface reconstruction that is observed on
such sampleswe have performed additional LEEEtudieson surfaces that are formed at
temperatures just below those where graphene forrgard-Bshows a summary of our LEED
observationsshowing the symmetry of observed patterns as a function of temperature ame disil
pressureThe LEED patterns ardisplayedn Fig. 4. In the absence of any disilane, an inter¥s 3
pattern is observed on ourf@ce SiC surface after heating uttra-high vacuum(UHV) to a
temperature of~1000C, in ayreement with priorworkst314152448 At higher temperatures,
graphene forms on the-face surface by the wethown mechanism of preferential sublimation
of Si atoms*® Most importantly, this preferential sublimation of Si atoms means that, as a function
of temperature, the surface is becoming more C rich (i.e. high values of C chemical potential).
When disilane is introduced at pressure of about 8xI@r or higher, the situation changes

6
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.. ‘-’ 8(1.0) (a) 2x2, (c) 4x4 surfaces. Patte
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' .k F heated at 1070 °C for 10 min i
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obtained from samples prepart
(b) under nominally identical
conditions: heating in 5x10Torr

disilane at 1180 °C for 5 min
Patterns (a) and (c) were acquir
at an electron energy of 100 e

and pattern (b) at 96 eV.

dramatically. We then observe o@y2 or 4x4 LEED pattern&[gs.3(b) and 3(c)] at temperatwe

below the onset of graphene formatidthis graphene formatioremperature also increases
substantially as the disilane pressure increases, as expected). Samples showing 2x2 patterns and
those with 4x4 patterns were prepared using nominally the same procedures; at disilane pressure
near 5x10 Torr, there appears to ®me subtle (not well understood) difference in surface
conditions that determines whether one or the other of these structures is dieiried. phase

seen at lower temperatures than the 2x2/4x4 is presumably a disordered, kinetically limited
stucturd. As we further increase the temperature to form graphene, we obse(Vi tBéit &

R 7.6 reconstruction for disilane pressures near 5XIdrr, as previously reporteld In addition

to the(t &Mt ¢-R 7.6 spots (which we identify in the present work to arise franA®A

structure terminatg the Gface SiC), these patterns also contain weak graphene spots/streaks
centered typically &t7 relative to the SiC (1,0) spots. For the casdisifane pressures of 5x10

®Torror5x16* Torr, we obtain a #Al1ll1SiC+grapheneod peé

graphene spot locationadain,at° 7 relative to the SiC (1,0) spots), along with the underlying
SiC spots; this pattern is indicative of thin, maldmain graphene coveringe surface.

Regardingthe £ 4 pattern that we observea,unit cell with this sizénasnot been previously
reported orSiC(rt Tty surfaces, to our knowledge. However, for tR@ dattern, there are two
well-known examples of that in prior wqrdrising fromthe (2 2)c and (2 2)si surfaces, so named
since the latter is more -Bich than the formet® The former surface structure has been definitely
identifiedby Seuberet al>!in a LEED intensity vs. energy-{f) analysis taconsist ofa single Si
adatom per 22 cell residing on a SiC bilayer (as in Fig. 1(a)). The latter structure has been
proposedby Hoshino et af* on the basis ofmedium energy ion scattering and photoelectron
spectroscopyo alsoarise from a single Si adatom pér22cell, but with the adatom in this case
residing on a Si adlayer attpe SiC bilayer (as in Fig. 1(b)). We have measured LEBspectra
from our 22 and 44 surfacs, as shown in Fig. S1 of the Supplemental Material. The spectra



from the two surfaces are very similar, indicating saose connection betwedémeir respecdte
structures. In any case, tB&2 spectra shovwpoor agreement witthose reported for the {2)c
surface, indicating that ou? 2 surface does not have tis&ructure. For the case of@si, we are
not aware of previously reportddEED |-V spectra. Nevertheless, comparing our LEED spot
intensities of Fig. 4(b) (286 eV) with those previously reported Ref. (2] for (28 2)+Si (at95
eV), we find quite good agreemeinthe {1/2,0} spotintensitesas large athose for{1,0} spots,
butthe{1/2,1/2} spotsare absent (e.g. one of thegeisible, would liedirectly between (0,1) and
(1,0) inFig. 4(b)). Moreover, the formation predure of our surface and the @Bsi ones of the
prior worksare similar?®3* Hence, as a starting hypothesis dor structure, we utilize the model
of Hoshinoet al.consisting ofasingleSi adatonper 2 2 unit cellatop a Si ayer3

V. Theoretical results

The goal of our theoretical computation is to identify the structures that give rise to our observed

22, 84, and(t &t FR 7.6 LEED patterns. Wdirst discussthe Gface surface in the
absence of any graphene oantdneglectingany possible role of H atomé/e show in Fig. 5 the

total free energy ofarioussurface structures, as a function of the coverage of Si adatoms for each
structure. Wefocus on Grich conditions, i.e. when there is zero energy associated with the
formation of graphe/graptene on the surfacdaside from possible interaction of the
graphitegraphene with the underlying SiC surface atprise notation usefibr structural models
providesthe dimensions of the unit cell, followed by the number of additional adatoms over and
above a terminating SiC bilayer on the surf&ag. 6 shows the atomic arrangements for each of
the labelledstructuresof Fig. 5 No structures containing C atoms doeind to be energetically
favorable, in agreement with prior works3233 The high energies of such structures occur
because of the relatively strong bonding of C within graphite, so that C atoms in SiC surface
reconstructions would always prefer to be in graploitgyraphene), or in the SiC bulk, rather than

in some surface reconstruction.

Figures5 and 6display results fortwo models with Si adatom coverage of < 1 ML. At a
coverage of 0.25 ML is thevell-known (22 2)+Si model,Fig. 6(b, denoted (22)c in pastwork

/L
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(g) (V43xV43)+56Si
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FIG 6. Schematic views of the surface structures whose energies are labeled in Fig
surface arrangements sit on a SiC bilayer, with Si atoms (open orange circles)
bottom of the bilayer and C atoms (filled gray circles) at the top. Abovel@yebare Si
adatoms (solid orange circles), which in many cases form a complete adlayer. Abov
adatoms, for certain structures, are additional Si adatoms (brown filled circles). Uni
are shown by a light blueapezoid. The black triangle (o) indicates a biaxial distortior
in the location of the 3 orange adlayer atoms at its corners, whereas the triaigyle
shows a predominantly twisting distortion.

and consisting of &i adatom on ¢hreefold hollow site of the SiC bilayei.e. withone remaining
C Tfir e s df theabilayantbat is not bonded to the adat8Ph At a coverage ofuj w 1@ v @
ML is the novel (3® 3)+5Si model recently proposed by Kloppenburg etansisting o Si
adatoms on the33 cell, Fig. 6(a),with 3 of the adatoraresiding inbridging sitesof the bilayer
ard the remaining 2datoms then adoptirthreefold coordinatd sitesbetween these bridging
atoms There is strong evidence that this modeljaes the explanation for thé 3 LEED pattern
that is commonly observed on surfaces pregpdry heating in vacuum (Figs.aBd4(a)).133353
The energy of this stature is lower (under @ch conditions) than that of any oth&C(rt Tty
surface structure known prior to the Kloppenburg etvatk.

All other models in Figs. 5 and 6 have >1 ML of Si adatones being AOA models The
adatoms atop the adlayer can reside in sites that are diecthpof Si atoms located 3 layers
below in the SiC bilayer or &reefold hollow sitesthat are betweetihose atoms. Distortions of
the adlayer atoms around the adatoms are ftoube quite important in reducing the total energies.
The (2 2)+5Si modekhown in Fig. 6(byonsiss of a Si adatom on a Si adlayerjstessentially
the modelbproposed byHishino et al3* although with the adatom being in antop (rather than
hollow) site and witha significant biaxial distortion as shown kig. 6(9 (the isosceles triangle
there is distorted away from an equilateral ofié)s biaxial distortion reduces the energy48y
meV per(13 1) unit cellrelative to a structure with®Zsymmetry as first deduced by Kloppenburg
et al® The structureshown in Fig. 6(c)with its adatomin an ontop site (relative to Si atoms 3
layers below)has an energy that is 52 me\#/{) lower tharwhenthe adatonis in a hollow site.



The other AOA models in Figs. 5 and 6 are all new, previously unreporteditieg@ 3)+8Si
modelof Fig. 6(d has equal numbers of adatoms intop and hollow sites, and it displays a
significant @t wias knowndam ptioy mods®y).ias thomn inithe figurd.
The (Mp éMp P+25Si and it & T ¥+56Si models also display significant twisting type
distortions, whereas the3(4)+21Simodel shows a combination of biaxial and twisting distortions.
These three models have unequal numbers of adatomstap @md hollow sites. In these cases,
there i s a Acompl ementaryo st r u-topandhellowditdssh r e v e
usually a given structure has energy within a few r(i®\1)) of its complement, although the
(28 2)+5Si structure mentioned in the prior paragraph is an exception to this trend.

The results ofFig. 5 include the effects of vibrational free energnd hence they vary
depending on the temperature. Most importantly, we find that, at low temperatures, the lowest
energy surface structure is t{8 3)+5Sione at0.556ML adatomcoverage’® whereas at elevated
temperatures, the lowest energy structures are the onek 3iktr adatoncoverageThus, as the
temperature increases to above al3@MK, a surfacdayer of Si atoms wh coverageof ~1.3ML
is seen to formunder equilibrium conditiond he stability of this layer, for temperatureabove
~380 K, originatesfrom two effects(of comparable magnituglexrising from vibrational free
energy The firstis theinherent temperature dependentéhe Grich limit. This limit is given by
a value ofcarbonchemical potential of 4 Y Q. "Q "Y. In Fig. 7, we display'®@ "Y as
obtained from a ab initio computation, shown along wit® gY and"@ g =Y. We see thailQ Y
varies between 1 x @V at zero temperature down to a value ofp 1 @V at 1500 K, with the
latter temperature corresponding to what we use in our experiritanse, » “Y in the Grich
limit will vary by this same amount, so that at elevdedperaturgstructures that are more-Si
rich will be favored.

Thesecond effect of vibrational free energy is a shift in energieaadfof the model structures
due to theirindividual vibrational entropies, i.e. the terif@aodx @ao X In EQ. (). In
evaluating this term, it is important to realize that there is an additional aspect of Eq. (1) that acts
to partially offset the term. From Eq. (2) we havggyY ‘Y QesQewnY, and
substituting that into Y03 £Y from Eq. () yields YO0z¢ ‘4°Y Qes QerY .
Therefore, for the structures we are considering with non¢@sgthey will have a temperature
dependent contribution to their total energy o¥0;'Q ¢ %Y. Together with thé@aodx
"@ A o X term, we then must evaludB oo di "@RioXN Y03QerY. Inessencé@esodx
"@ A o X produces a reduction in total energy due to the vibrational entropy of the additional Si
atoms on the surface, but this reduction is partially offset by ¥ie,£@ ¢ %Y contribution which
is thenegativeof the vibrational free energy of the same number of both Si and C atoms in SiC.

We evaluatéQ g Y usingab initio methodsFig. 7, and in principle)@ s odz O”Y canbe
evaluated in a similar mannddowever, due to the large size of the unit cell for some of our
surface structures, it is not computationally feasible to do so. Hence, we adopt an approximate
method for estimating ti@ ¢ o' "@ 4 o X term utilizing so-calledEinstein mode obtained
from theab initio computations by displacingsangleatom while holding all other atoms fixed.
Table | lists a few of these energies, both for bulk materials and for surface structures (i.e.
computed usingur 6-bilayer slabs)With these energies, computed for relevant atoms in each
structure, the vibrational feeenergy is obtained from Eq) @ith'O7 being a deltdunctionfor
each mode
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FIG 7. Vibrational free energies fc
graphite, Si, and 3GiC, with all
results shown per atom (for SiC, tf
result shown is 1/2 the free energy f
Si+C unit). Solid lines show fre
energies obtained using a comple
spetrum  of vibrational modes
whereas dashed lines show rest
using only a single Einstein mode f
Si and graphite, and two such mod
for SIiC. All mode energies ar
obtained fromab initio computations.

VIBRATIONAL FREE ENERGY (eV)

-0.6 : :
0 200 1000 1500
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Use of the Einstein modes for evaluating the struespezific contribution to the vibrational
free energy is rather approximate. For examplg, 7 showsab initio free energies for bulk
structure using afull spectrum of vibrational mode®mparedvith thoseobtained usingcinstein
modes The significant errors encountered by use of l#teer is apparentwith thetrue free
energies being significantly more negative than those obtdirmed the Einstein rodes
Considering this error, more realistic computatioof the AQA structures ofig. 5 wouldcause
them toshift dowrnwardsin energy as a function of increasing temperatussterthan pictured
there However, aside from thespectthe differences in energies fogighboringAOA structures
near the minimum of thietal energy curve, i.ewith coverage of 1.26 1.35 ML, will be scarcely
affected. Hence, this approximate treatment of the vibrational modes has no significant impact on
our final results.

Table I. Energies of Einstein modes, obtained by displacispexified atom in a structur
(inequivalent atoms are specified by numpahthen three energies are listed, the first two moi
correspond to motion in the plane of the surface, and the third is perpendicular to the surfa

structure energy (meV)
Siinbulk SiC (8atom cell)| 60.8

C inbulk SiC (8&atom cell) | 88.7

Siinbulk Si (8atom cell) | 44.3

(33 3)+5S;i, bridging atom | 32.1, 32.646.6

(3% 3)+5Si,adatom 1 28.6, 28.6,47.1
(38 3)+5Si,adatom 2 31.2,31.248.0
(23 2)+5Si, adlayer atom | 20.0, 28.044.0
(restatom)

(23 2)+5Si, adlayer atom Z 25.8, 32.349.8
(not rest atom)
(23 2)+5Si, topmostadatom| 20.0, 33.0, 34.1
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A: (3x3)+5Si - FIG 8. Computed phase diagram
B: (VI9%V191+2551  ghowing regions of minimumfree

gi (é’g)):ié'w energy for various SiC(0@) surface

E: (1x1)+H structures, at temperatures of 0, 10!

F: (3x3)+135i and 1500 K. Vibrational free energy

included, leading to the temperatu

(Ix1)+H dependence of the -Bth and Crich

- oo 0 limits (dashed lines) as well as tt
i) *ee temperaturalependent sfis in the
oF - o.e.a. positions of boundaries between phas
= Structures A, B, and C are shown

(3x3)+5Si+H Figs. 6(a), 6(f), and 6(d), respectivel
Structures D and E are shown in t
schematic views, using the same co
scheme as in Fig. 6 and with red fille
§ & circles repesenting H (these tw

structures are the only ones in the phi

diagram that contain any H). Structure

06 04 02 00 02 is the one proposed in Re&(.
He = chgraphitc] (EV)

Turning now to the presence of graphene formation over #ae&€reconstructed surfaces, as
was first pointed out by Neugebauer and Northrup, graphene is expected to interact only relatively
weakly with underlying atoms&® To estimate this interaction energy, we have performed
computations on #ew select reconstructions of thef@ce surface that are covered in graphene,
as presented in the Supplemental Information. We find, not surprisingly, thataineestergy of
the graphene (i.e. when it is forced to fit specified supercells of the SiC) can be quite significant.
However, when this energy is subtracted from the total, then the remaining interaction between
the graphene and the underlying atoms @atams) is found to be about TmeV/13 1). As can
be seerby examination of Fig. 5, this energy is relatively small compared to the energetics
associated with the formation of a Si layer on th€2 surface. Hence, the graphene is found to
play only a relatively small role in the Si adlayer formatiout, nevertleless itcould wellhave
someinfluence on the precise arrangement of adatoms on top of the adlayer.

To complete our discussion of the energetics da¢& SiC surfaces, we must consider the
possible presence of H atoms on the surféée have undertaken an extensive seriegbahitio
computationsfor structural models that include, lds described irFig. S3 Resulting phase
diagrams showing the minimuemergy structures as a function of the chemical potentials of H
and C are shown ini¢r 8. We find only two surface structuresntaining Hthat are minimum
energy, stablenes for any physically realizable values H and C chemical potential: @
structure is the (1x1) surface consisting of a Herminated SiC bilayer. Thather is brmed by
having a H atom terminate the single C rest afioen not bonded to an adatothpt is present in
the (3 3)+5Si model, thereby forming{3)+5Si+H.
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The primary reason that no other structures involving H are stable is thatHhH®o8d isquite
weak compared to the-H bond. Therefore, for AOA models, H atoms will always prefer to stay
bonded in the form of K ratherthan bond to surface Si atoms. For the case of H bonding to surface
C atoms, our computations do not reveal any miniremegy, stable structures aside from the
(I1x1yxH and (3 3)+5SHH surfacesshown in Fig. 8 For example, cadering a SiC bilayer
simply containing Si adatoms (of any coveragegctly bonded to the bilayeaind with remaining
C rest atoms being bonded by H, we find that such surfacedvaagshigher in energy than the
(1x1)H or (¥ 3)+5SiHH surfaces. We have also studied surfaces covered wehréy complete
adlayer of Si atoms, e.g. with one Si atomhaf &dlayer missing and the C rest atom thus formed
being terminated by a H atom. The energies of such surfaces are found, in some cases, to be not
too much higher than tiseof other, norH-containing structures. Nevertheless, such surface with
partial adayers are never found to form minimtenergy structuresSince the only minimum
energy surfaces containing H are found to be (#M1gnd (3 3)+5SHH, and our experiments in
disilane donotreveal any surfaces with{1) or (3 3) periodicity, we conclude &b the surfaces
in our experiments are inconsistent with structures that contalinisl.conclusion is consistent
with the general tendency of H termination to yield unreconstructed or minimally reconstructed
surfaces®

V. Discussion

The main conclusion of our work, based on aleinitio thermodynamics oFig. 5, is that a Si
layer (with~1.3 ML coverage) forms on the SiGf@ce surface for temperatures above ad0oG0t

K. Thisconclusiorprovides an explanation for teegperimentatesultsof Fig. 2 although we note
that the amount of Si detected between the graphene and tllee&Canging froml.47 1.7ML
depending on surface location, is somewhat higher thar1tl®ML from the theoryPerhaps
there are other surface strues that we have not considered that have even maoaét®giugh it
must be remembered thaich structures would have to be minimum energy ones even in the C
rich limit (and this limit does not favor structures with even more/igrnatively, perhaps for
samples such as Fig. 2 there could be some excése. oversaturate§iSi at the interface due

to the Si subliming from the SiC/graphene interface, i.e. as the graphene grows thicker.

Further confirmation of the presee of the Si layer on the surface danobtained from an
identification of the detailed structures giving rise to the LEED patterns that we dBigir3)(
We believe that there is ample evidence that U2 Pattern arises from the3(2)si surface
structureas identified in prior stdies and also shown in Fig. By (2 2)+5Si333 Theoretically,
this structure (including its distortion away fromsyCsymmetry) was first identified by
Kloppenburg et af? and considering the very large number of models investigated in that work,
it is very unlikely that any other32 model can be found that hesal energy lower than this
(28 2)+5Si structureExperimentally, this same surface was found by Hoshino et al. to contain
nearly a full Si adlayer, plus one additional Si adatom p&rc2ll on the adlaye¥. It should be
noted that thesimulationsperformed in that work relied on a structure withy &ymmetry,i.e.
neglecting the biaxial distortion of the structure. Energetically, we find tisadigtortion reduces
the energy byi8 meV/(13 1), so itis very important. More to the poiiitthe Hoshino et al. analysis
was redone using the distorted structwe expect thathey would arrive at the etop geometry
for the adatonasbeing in best agreement with experiment, since this geometybantially
favored (compared to the hollow sitéy terms of its total energyas discussed in Section IV.
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Nevertheless, their determination of the presence of the Si adlayer for theresagipears to be
definitive 34 independent of the biaxial distortion.

Despite thisapparentagreement with the present and past experimentstiagttheoretically
predicted(2® 2)+5Si structure, we find in Fig. 5 that the free energy of this structure is slightly
higherthan that of other AOA models, such astip éWp P+25Si structures. Weuggest two
possible reasons for this discrepancy. The first is that we have neglected configurational free
energy in our analysis. The3(2)+5Si structure has 3 possible orientations for its disto(tath
a barrierof 48 meV/(13 1) separating these emgr minimg. Thus, we expect a configurational
contribution of Q"M b /(232), or o @neV/(131) at 1500 K. This is aubstantiakffect,on
the scale of Fig. 5. However, we find that part of this ensxdyctionis offset by configurational
contributions to other AOA models, for which we can move individual adatoth® models to
form manyadditionalconfigurationsThese other arrangements have slightly higher endtwas
the respective ground statésitwe account for thosasing apatition function and from thatve
obtain free energy changestgpically ¢ mmeV/(13 1) at 1500 Kfor this effect. A more detailed
analysis is required to thoroughly evaluate these configurafiGeénergiesbut in any case we
are confidenthat theresulting reductions in enerdyelative to whats shown in Fig. Swill be
greatest for th€2® 2)+5Si structure.

The second possible reason why th&2)25Si structure isiot found to be an overall energy
minimum in Fig. 5, but its observed in experiment, has to do with the density of adatoms on the
experimentally prepared surfactss possiblehat this densitynight beaffectedby details of the
preparationAt the temperatures 6f1500 K used for the surface preparatins likely thata
disordered, lattice gas system of adatoms is present on the surface at these temperatures, similar to
what occurs for Si adatoms on the Si(111) surfae&Following the heating, the current to the
heater is shut off and the temperaturehef sample drops rapidly, at an estimated rate of several
hundred K per second judging by the change in brightoktise heatef® As the temperature
drops, at some point the surface structure will become kinetically frozen in. It is difficult to
accurately estimate that temperature, although we know from our stugrepafation of the®3
surface in vacuunHg. 3 plus additional data off the lefftand side of that plot) that a temperature
of 12007 1300 K is required to reliably form that reconstruction (i.e. to enable significant bond
breaking and atomic motion dne surface); this value possibly can be taken as a lower bound for
the temperature at which the surface structure freezes in. We feel that it is possible that this
temperature is reached for our surfaces in a sufficiently shortitenagpon cooling fron 1500 K,
so that the adatom density may not have time to equilibrate. Experiments with additional annealing
over extended times at temperatures of, say,i80000 K (and under an appropriate disilane
pressure), could conceivably reveal other surfacectsires such as theVlp éWip @+25Si
arrangement.

For the 4 4 patternthe lowest energy?4t model that we have found is tf# 4)+21Sistructure
shown in Fig. 6(k but we see in Fig. 5 that this structure fn@s energy that is significantly higher
than that of other modelsuch as thélp éWip @+25SiarrangementAt this time, we cannot
assign the structure that gives rise to our obser¥ddpattern Our estimates of configurational
free energies, mentioned above, produce results that deeeat tosignificantly reduce the
(43 4)+21Si free energy relative to tHat (Mp éWp p+25Si We have studiedt25 different 4 4
AOA models, but nevertheless, perhaps additional ones need to be investigated in order to find a
lower energy structure. Alternatively, possiblyditional forms of surface disorder (e.g. including
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a dilute mixture of 24 cells in a surrounding®2 surfaceneed to be&onsideredin any case, as
discussed in Section lll, the fact that o&22nd 4 4 LEED patterns are produced using the same
surfacepreparation procedures, and the LEEW intensitiesof these two patternare in good
agreementprovides evidnce that the34 structure, like the §2)+5Si oneconsiss of an adlayer

of Si with someadditionaladatoms on top of &adlayer.

Moving to our observe@t 6T §-R 7.6 LEED pattern, we see from Figs. 5 and)&pat
there is a structure with thgynmetry, with total energy only 12eV/(23 1) cell higherthan that
of our minimumenergy(Vip @ Wp ®+25Sistructure. Experimentally, t{élt 6T §-R 7.6 is
only observedvhen graphene covers the surface, whereas’th@P£ 4 arrangements are seen
in the absence of graphene. Possibly the graphenedtafslizesthe (Ut &Mt 9+56Siadatom
arrangement in some way; in Sectidéhwe described small, but significant, interaction energies
that can occur between adatoms and overlying graphene. We have not performed such
computations specifically for graphene on top oflhe &t ¥+56Si structure, due to the very
large commensurate umell that forms between the graphene and the interface structure. It should
also be noted that the we have investigated only a few structures with the relatively large unit cell
size of /it &t ¢so any identification of the experimental pattern with thecsiire of Fig. 6g)
must be considered as quite tentative.

It is apparent that in past studies of reconstructionSi@frt gy, nonequilibrium surface
structuresare commonly formedlhe weltknown (22 2)c reconstruction on this surface is firmly
established to consist of a single Si adaper 2 2 cell, residing directly on the SiC bilayer (Fig.
6(0)).>! It is clear from Fig. 5where this structure is denoted 22+Si, thatit is not an energy
minimum (for anytemperaturg Rather, its formation must be a result of urskguration of the
surface Si concentratiofalthough it should be noted that this reconstructimay well form
predominantlyon grapheneovered surfacéd. Similaly, the predominant33® patternobserved
on the surfacer(ig. 4a)) has been recently identified to arise from (B#3)+5Sistructurés (Fig.
6(a). As seen in Fig. 5, this structure is indeed an energy minimunergseratures less than
about 40 K. However experimentally, the surface is formed by annealing at tempesatweh
higher than that. Again, undsaturation of the surface Si content appayemtcurs Even for the
(28 2)+5Si surface formed both in our work and prior works inSkrich environment(from
disilaneor a Si flux)®***it is apparent from the above discussion that it may also form in slightly
undersaturated conditions.

Our conclusion regarding the Si layer on the surface, or between the graphene and the SiC
surface, provides explanation for other experimental observations as well. For example, in our past
work, we prepared graphene orf&&e SiCsampleausing adisilaneenvironmentthenremoved
the samplérom the vacuum chambeandexposedt to air (or pure oxygenjollowed byanneaihg
in high vacuumat 1000 C for several minutesSuch sampkethen displayedin intense {io
Vo -R30 LEED patterr?? LEED |-V analysisrevealed that thipattern originatet from asilicate
layer below the graphene, i.e. with the silicate having th® (Mo -R30  structure as first
elucidated (in the absence of graphene) by Starke’®&The silicate layer itself contaifg3 ML
of Si, so its occurrence istally consistent with the presence of the Si adlayer below the graphene
prior to oxygen exposure. (Indeed, from the presence of the silicate aheneould perhaps have
concluledthata Siadlayer was present during the graphene formation. However, we avoided that
conclusion in our prior work because of the sevar@ute 1000 C annealing step that was found
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to be necessary in order to form the silicatace that annealing step couldnceivably, liberate
Si from the SiC crystal itseff)

Our conclusion is also consistent with, and provides a partial explanation for, ptne ok
Wang et al. concerning intercalation of Si at the interface between grapheneface $C>°
They found that, for temperatures > 1023 silicon that has been pdeposited on graphene on
C-face SiC will readily move to th8iC/graphene interface, and they intercalated as much as 6
ML of Si in this manner. Those authors noted that the reason for the intercalation was not known,
since, in equilibrium, the excessw@asexpected to bond with the C atoms from the graphene to
make SC. Our determination of Sich surface reconstructions in the-rich limit (for
temperatures above 380 Kxplainsthe intercalation, at least the first.3 ML of it. As to the
mechanism for forming the interface concentration of Si over that amountisthot easy to
understand and provides an interesting topic for future study.

Nicotra et af® have reported TEM characterization of théfaCe SiC/graphene interface,
revealing an interface layer quite similar to our results of Figx2ess Si isound directly above
the SiC, with some apparent oxidation (which could have occurred during growth grqwoist).
The major new resutif our present work is the demonstration that the presence of the excess Si,
i.e. a Si adlayer plus additional Si aalat, is arequilibrium propertyof the SiC surface, both
with or without graphene present above 8 AOA structure. The data of Nicotra et, @s well
as our data of Fig.,2lsoindicates the possible presence of excess C in this interface layer, located
near the overlying graphen&s discussed in Section IV, it is energetically unfavorable for C to
mix with Si in the AOA structure (the C atoms would prefer to form graph@&ealsonote that
there areno known, thermodynamically stabjéernary compounds containirgj, C, and G*
Neverthelessjuring graphitization of the @ace SiCit is possible that some excess C is located
in the Si AOA layerbelow the graphene, i,edue b kinetic limitations that prevent it from
immediatelyforming the thermodynamically stable graphene phase.

Finally, we discuss the prior work of de Heer and others, mentioned in Section I, in which
exceptionally good electronic transport behaviortiesen obtained for graphene formed ofaCe
SiC, under confined conditiort§!%202125 Based on the results of the present work, we feel that it
is possiblethat a Si adlayer exists between the graphene and flaeeCsurface (the latter
terminated by a SiC bilayer) in their experimermgfisen that their growth is conducted at about
1200 C under conditions that are very near to equilibri@rhlowever, thisconclusionis not
consistent with their reportedesults of surfacdinterface characterizatio’ Using crystal
truncation roCTR)analysis in surface-say diffraction, the besfit modelof Hass et alcontains
a topmost SiC bilayer with only ~@.ML of both the Si and C atoms and with the C layer being
corrugated? Hence, no Si adlayer is present irattmodel. However, we note that structural
analysis of CTR data is highly dependent on the assumed model of the interface. For example, if
we replace the corrugated C layettus model(with its total density of 0.74 MLby Si atoms, at
a density ofi} T¢® o 1@ QML which would make their-xay sgnal comparablédo that from
the corrugated C layé&f, we would then arrive at an AG#pe model for the interface.
Additionally, it ispossiblehat oxidation of this interface occudaring growth (since their furnace
is not under UHV conditiort§), in which casea more complicated model with additional layers
would have to be considerétfe also note that écorrugatedC layerin themodel of Hass et a2
if it bonds directly to grapherees they suggegtas a veryinfavorablegotal energyor the reasons
describedin Ref. [30] (also summarizedn the second to last paragraphtbé Supplemental
Material). Further work is necessary to more completely understand the similarities and differences
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between the grapherevered Gface SiC surface from our work compared to those of de Heer
and ceworkers.

VII. Summary

In summary, we have observed experimentally the presence aich $iterface (>1 ML of Si)
between Gace SiC and graphene formed by thermal decomposifidhe SiC. To explain the
presence of this excess Si, we propose Si AOA structures, which are found to have minimum free
energy under €ich conditions, so longsmonzero temperatures are considered. These structures
arestabilized bya combination ofibrationaland configurationalree energes.

We emphasize that the presence of thed&iyer terminating the S{@00p) surface along with
the associatedOA structures arequilibriumproperties of the surface, existing over the full range
of chemical potentials varying betweenrh to Grich conditions.We distinguish between
several situations thatan occur during graphene formatiamm C-face SiC: (i) With sufficient
overpressuref Si, nearly equilibrium conditions will prevanNith a Si adlayer present between
the SiC and graphen®&/e have demonstrated this to thee case in our workand we consider it
likely to also apply during growth in ninementcontrolled condition$®192%21 (ji) Whenheating
the surface in vacuum, it is likely that the Si adatoms and adlayer will sublimate froorfees
quite readily aevenmoderate temperatures, hence leading to nonequitibsurface structures
(for 'Y 1 m K) such as theobserved(2® 2)+Si and (32 3)+5Si arrangementghat lack the
adlayer>®3 (iii) Oxidation of the surface during graphene formation is a critical issue, since even

trace amounts of oxygen will lead to the formation of the energetically stabte/c)-R30"
silicate structure on the surface which is found to inhibit graphene forntétigh244546
Inhomogeneougraphene formatiogan result from the presence of this lalf¢dowever perhaps
with sufficient Si overpressurend with neaequilibrium conditiongalbeit including oxyger),
uniform growth can be establish&dhereported growths under confinemeamntolled conditions
havenot beenperformed under the pure, UHV conditions necessary to eliminate oxid4tiod,
hencat is possiblehatasilicatetype layerexistsin those case#t should be noted that the silicate
layeritself decomposes in a vacuum environment for temperatures above@ 20 it has been
found to be stable in andtm argon environment for temperature up to 18D8° Its possible
presence under confined conditioesains to be investigated.

Inclusion ofvibrational free eneigswas found to be essential in our workatthie\e the level
of agreement between experiment and theory that we oStanilar effects may occur on other
surfaces as well. For examplee point out the prior work of Ga adlayers offdde and Gdace
GaN{0001} surfaces, i.e. the GaN((#)Cand (0001) surfaces, respectively, for which vibrational
free energy wasotincluded?62"?82° The N-face results are very analogous to those presented in
the present work, in that Ga adlayers are found to form on the surface even-uinthecdthditions
(due both to the relatively large size of Ga compared to N, egatbinadlayers to form, and to
the energetic stability of Nmolecules, so that a-drminated surface is relatively unstalffe).
Al t hough vibrational free energy was not <cons
discrepancy between experiment and theory, urgder Nrich conditions there ialwaysa Ga
adlayer present on the surfé€eHowever, for the Gdace, there does appear to be some
discrepancy between theory and experiment, underidBaconditions. The experimental
observations clearly demonstrate the existence of multiple adlaly&a on those surfaces, but
structural models that have the same symmetry as the experiments consistently givaditice
energies that ar@ot minimum oneg’?® The experimental evidence for the Ga adlayers is
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sufficiently strong so that little or no doubt exists as to their presence, and hence there must be
some reason that tha&b initio results donot produce minimum energies. We suggest that
vibrational(and/or configurationafree energies may provide an explanation fat dnscrepancy
between experiment and theory.

Acknowledgements

This work was supported by the U.S. National Scighacendation, grastDMR-1205275and
1809145 and by the Department of Energy, grant-@14506 MJK was supported in part
by Global Research and Development Center Program (2018K1A4A3A010642 BjeaméP ool
Program (2019H1D3A2A01061938)rough the Natioal Research Foundation of Korea (NRF)
funded by the Ministry of Science and ICDiscussions with Phillip First are gratefully
acknowledged.

References

1J. Hass, W. A. de Heer, and E. H. Conrad, J. Phys.: Condens. Rat3&3202 (2008).

2K. Emtsev, A. Bostwick, K. Horn, J. Jobst, G. L. Kellogg, L. Ley, J. L. McChesney, T. Ohta, S.
A. Reshanov, J. Rohrl, E. Rotenberg, A. K. Schimid, D. Waldmann, H. B. Weber, and T.
Seyller, Nat. Mat8, 203 (2009).

3C. Riedl, C. Coletti, T. lwasaki, A. Zakharov, and U. Starke, PhyRev. Lett.103 246804
(2009).

4 Luxmi, N. Srivastava, and R. M. Feenstra, J. Vac. Sci. Techrz$, B5C1 (2010).

®J. D. Emery, B. Detlefs, H. J. Karmel, L. O. Nyakiti, D. K. Gaskill, M. C. Hersam, J.
Zegenhagen, and M. J. BedBhys. Rev. Lettl11, 215501 (2013), and references therein.

®F. Varchon, R. Feng, J. Hass, X. Li, B. N. Nguyen, C. Naud, P. Mal¥ét,\Jeuillen, C.
Berger, E. H. Conrad, and L. Magaud, Phys. Rev. B8{t126805 (2007).

" C. Riedl, U. Starke, J. Bernhardt, M. Franke, and K. Heinz, Phys. R&. 225406 (2007).

8K. V. Emtsev, F. Speck, Th. Seyller, L. Ley, and J. D. Riley, Phys. R&,B55303 (2008).

°L. Nemec)V. Blum, P. Rinke, and M. ScheffldPhys. Rev. Lett111, 065502 (2013).

105, Oida, F. R. McFeely, J. B. Hannon, R. M. Tromp, M. Copel, Z. Chen, Y. Sun, D. B. Farmer,
and J. Yurkas, PhyRev. B82, 041411 (R) (2010).

11 C. Virojanadara, S. Watcharinyanon, A. A. Zakharov, and L. |. Johansson, Phys. &&v. B
205402 (2010).

123, Sforzini, L. Nemec, T. Denig, B. StadtmiillesLT.Lee, C. Kumpf, S. Soubatch, U. Starke,
P. Rinke, V. Bl um, F .Phy& Rev.B ettd 1g, 16804 (245).d F. S.

13F. Hiebel, P. Mallet, F. Varchon, L. Magaud, an®Y JVeuillen, PhysRev. B78, 153412
(2008).

14N. Srivastava, G. He, Luxmi, and R. M. Feenstra, Phys. R8%, 81404(R) (2012).

15 Luxmi, N. Srivastava, G. He, and R. Feenstra, Phys. Rev.&, 235406 (2010).

16 C. Virojanadara, M. Syvajarvi, R. Yakimova, L. |. Johansson, A. A. Zakharov, and T.
Balasubramanian, Phys. Rev7B 245403 (2008).

7R, M. Tromp and J. B. Hannon, Phys. Rev. LEIR, 106104 (2009).

18W. A. de Heer, C. Berger, M. Ruan, M. Sprinkle, X. Li, Y. Hu, B. Zhang, J. Hankinson, and E.
Conrad, Proc. Natl. Acad. Sci. U.S.208 16900 (2011).

18



19N. Camara, B. Jouault, A. Caboni, B. Jabakhanji, W. Desrat, E. Pausas, C. Consejo, N.
Mestres, P. Godignoand J. Camassel, Appl. Phys. Léf, 093107 (2010).

20R. Zhang, Y. Dong, W. Kong, W. Han, P. Tan, Z. Liao, X. Wu, and D. Yu, J. Appl. Phgs.
104307 (2012).

2lc. ¢el ebi, C. Yanék, A.50G6026(®Eanj rkol , 1. 1. K.

22G. He, N. Srivastava, and R. M. Feenstra, J. Electron. MEge819 (2014).

23F, Varchon, P. Mallet, L. Magaud, and¥d.Veuillen, Phys. Rev. B7, 165415 (2008).

24N. Srivastava, G. He, Luxmi, P. C. Mende, R. M. Feenstra, and Y. Sun, J. Phys. D: Appl.
Phys.45, 154001 (2012).

25X. Wu, Y. Hu, M. Ruan, N. K. Madiomanana, J. Hankinson, M. Sprinkle, C. Berger, and W.
A. de Heer, Appl. Phys. Letd5, 223108 (2009).

% A. R. Smith, R. M. Feenstra, D. W. Greve, J. Neugebauer, and J. E. Northrup, Phy®tRev. L
79, 3934 (1997).

27J. A. Rinehimer, M. Widom, J. E. Northrup, and R. M. Feenstra, Phys. Stat. SB15(8R0
(2008).

28 A, R. Smith, R. M. Feenstra, D. W. Greve,-BL. Shin, M. Skowronski, J. Neugebauer, and J.
Northrup, J. Vac. Sci. Technol B, 2242 (1998).

293, E. Northrup, J. Neugebauer, R. M. Feenstra, A. R. Smith, Phys. B&y9832 (2000).

30|, Nemec, F. Lazarevic, P. Rinke, M. Scheffler, and V. Blum, Phys. R8¢, B51408(R)
(2015).

31 F. Bechstedt, P. Kackell, A. Zywietz, K. Karch, B. Adolph, K. Tenelsen, and J. Furthmiiller,
Phys. Stat. Sol. (902, 35 (1997).

32 M. Sabisch, P. Kruiger, and J. Pollmann, Phys. Ré5,B0561 (1997).

33J. Kloppenburg, L. Nemec, B. Lange, M. ScheffledanV. Bl um, AA new candi
carbide (3x3) surface reconstructiono, 80th
and Spring Meeting, Regensburg, March 2016, abstract HL 77.3, http://www.dpg
verhandlungen.de/year/2016/conference/regengiantdil/session/77/contribution/3.

34Y. Hoshino, R. Fukuyama, Y. Matsubara, T. Nishimura, S. Tanaka, M. Kohyama, and Y.
Kido, Phys. Rev. B1, 195331 (2005).

35 Luxmi, S. Nie, P. J. Fisher, R. M. Feenstra, G. Gu, and Y. Sun, J. Electron. 38248
(2009).

36 J. Rogal and K. Reuter (200&b Initio Atomistic Thermodynamics for Surfaces: A Primer. In
Experiment, Modeling and Simulation of Gagrface Interactions for Reactive Flows in
Hypersonic Flightgpp. 217 2-18). Educational Notes RFEN-AVT-142, Raper 2. Neuilly
sur-Seine, France: RTO.

37 G. Kresse and J. Hafner, Phys. ReMBRC558 (1993).

38 G. Kresse and J. Furthmiiller, Phys. Re%4811169 (1996).

39V. Blum, R. Gehrke, F. Hanke, P. Havu, V. Havu, X. Ren, K. Reuter, and M. Scheffler,
Comput.Phys. Communl80, 2175 (2009).

40V, Havu, V. Blum, P. Havu, and M. Scheffler, J. Comput. PR2S, 8367 (2009).

41]. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. T&tB8865 (1996).

42 A, Tkatchenko and M. Scheffler, Phys. Rev. L&@2, 073005(2009).

43 . Neugebauer and M. Scheffler, Phys. Re¢6B816067 (1992).

44 J. Rogal and K. Reuter (200&b Initio Atomistic Thermodynamics for Surfaces: A Primer. In
Experiment, Modeling and Simulation of Gagrface Interactions for Reactive Flows in

19



Hypersonic Flightgpp. 2171 2-18). Educational Notes RFEN-AVT-142, Paper 2. Neuilly
sur-Seine, France: RTO.

45 G. He, N. Srivastava, and R. M. Feenstra, J. Vac. Sci. Tech36|.BE102 (2012).

46 . Starke, J. Schardt, J. Bernhardt, and K. Heinz, J. SEicTechnol. AL7, 1688 (1999).

47 A. Barrancoa, F. Yubero, J. P. Espinds, P. Groening, and A. R. GoiEidezJ. Appl. Phys.
97, 113714 (2005).

48 . Stark and C. Riedl, J. Phys.: Condens. M&1en34016 (2009).

A, J. Van Bommel, J. E. CrombeemdaA. Van Tooren, Surf. Sci8, 463 (1975).

%0 3. Bernhardt, M. Nerding, U. Starke, and K. Heinz, Mater. Sci. andB&ig62, 207 (1999).

5L A. Seubert, J. Bernhardt, M. Nerding, U. Starke, and K. Heinz, Sur4s&456, 45 (2000).

2K. Heinz, J. Bernhardt, J. Schardt, and U. Stadkd&hys.: Condens. Matt&6, S1705 (2004).

S F. Hiebel, P. Mallet, L. Magaud, andY. Veuillen, PhysRev. B80, 235429 (2009).

54 U. Starke, J. Schardt, J. Bernhardt, M. Franke, K. Reuter, H. Wedler, K. Heinz, J.
Furthmuller, P. Kackell, and F.Bechstedt, Phys. Rev. BB{tr58 (1998).

°5J. E. Northrup and J. Neugebauer, Phys. Ré2,B7001(R) (1995).

S6E.g., C. V. Ciobanu an. M. Briggs, Appl. Phys. Let88, 133125 (2006).

>’ P. A. Bennett and M. W. Webb, Surf. StQ4, 74 (1981).

%8Y.-N. Yang and E. D. Williams, Phys. Rev. Létg, 1862 (1994).

S9F, Wang, K. Shepperd, J. Hicks, M. S. Nevius, H. Tinkey, A. Tejeda, A. Tatabimi, F.
Bertran, P. Le Fevre, D. B. Torrance, P. N. First, W. A. de Heer, A. A. Zakharov, and E. H.
Conrad, Phys. Rev. 85, 165449 (2012).

0 G. Nicotra, I. Deretzis, M. Scuderi, C. Spinella, P. Longo, R. Yakimova, F. Giannazzo, and A.
La Magna, PhysRev. B91, 155411 (2015).

61 H. Ding and M. J. Demkowicz, Sci Ref.13051 (2015).

62J. Hass, R. Feng, J. E. Mill&toya, X. Li, M. Sprinkle, P. N. First, W. A. de Heer, E. H.
Conrad, and C. Berger, Phys. Revi1 214109 (2007).

20



